INTRODUCTION
Colloidal suspensions have been extensively studied for a long time as a result of playing an important role in natural and technological processes. The charge on the surface of a colloidal particle is a key parameter for controlling and understanding the behavior of such suspensions. The ionization of surface acid groups has been identified as one of the mechanisms responsible for this interfacial charge in some systems such as red blood cells or latex microspheres. The total number of these ionizable groups can be measured directly by titration. But, frequently, the value of surface charge is determined on the basis of a Poisson-Boltzmann theory by fitting it to experimental measurements. These data are obtained from (i) experiments which probe the electrostatic interaction between particles (1-5) (such as static light scattering, video-microscopy, freezing line); and (ii) experiments in which a transport property is measured, for instance, conductivity (6) or electrophoretic mobility. Anyhow, this effective charge (as opposed to the titrable charge) is found to be considerably smaller in most cases (particularly in suspensions at very low ionic strength).
This reduction could be explained (in purely electrostatic terms) as a consequence of the strong accumulation of counte- 1 To whom correspondence should be addressed.
rions near the particle surface, which is also known as ion condensation. From a rather simple viewpoint, the colloid and the condensed counterions would be considered as a whole carrying a postcondensation charge Z eff that would be notably reduced (as compared to the surface charge Z ), since the condensed counterions would neutralize a great amount of surface site on the particle. Oosawa (7) and Manning (8) developed a condensation theory for linear polyelectrolytes three decades ago. Diverse experimental and theoretical investigations have been devoted to this subject since then. Nevertheless, in the case of charged (colloidal) spheres, the situation remains unclear. An overview on this matter, in which different ways of predicting effective charges are included, has been given recently by Belloni (10) . In addition, this author shows himself that simple laws for spherical colloids analogous to the laws for linear polyelectrolytes can be deduced from a PB approach if a certain definition of which ions can be considered condensed is applied. A similar theory has been also proposed by Osteryoung and co-workers (11) . The main difference is the criterion that counterions neutralize the anionic sites on the particle surface. In contrast, Levin et al. developed a simple model for charged spherical colloids in which the number of condensed counterions is calculated using a thermodynamic approach (12) .
The above-mentioned models have been checked with the aid of experimental charge values obtained from light scattering (13) . In this paper, we will use electrophoretic mobility measurements to test ion condensation. This idea was suggested by Belloni and even applied (in a rather simple manner) by Osteryoung et al. Very recently, Fernández-Nieves and coworkers (14) found good quantitative agreement between the fraction of condensed counterions obtained by microelectrophoresis and the predictions from the Levin theory. According to these authors, the insensitivity of the electrophoretic mobility to surface charge variations can be justified by ion condensation. However, this study is limited to highly charged systems. The particle charge (in absolute value) varies from 20000 to 300000 e − /particle. Hence, the fraction of condensed counterions is always larger than 0.9. In addition, the range of (added) electrolyte (c salt ) is rather narrow (10-100 mM).
The aim of this work is to probe the validity of the ion condensation model for spherical particles with smaller surface charges and in a wider range of electrolyte concentrations. On the one hand, electrokinetic charges will be obtained from a set of wellcharacterized polymeric latexes whose surface charges range from 1000 to 20000 e − /particle. On the other hand, postcondensation charges for these systems will be calculated applying the Levin theory. At this point, it should be stressed that this model was developed under the assumption of no added salt. As in this study the salt concentration ranges from 10 −4 to 0.316 × 10 −1 M, we will consider the effect of additional electrolytes on the charges predicted by this ion condensation theory. The paper is organized as follows. First, the condensation theory is briefly reviewed. Secondly, experimental details on the latex surface characterization and electrophoresis measurements are given. Eventually, some results are presented and discussed. The insensitivity of mobility to considerable changes in surface charge is looked into in light of this new approach.
THEORETICAL BACKGROUND
As stated earlier, several condensation theories have appeared recently. All of them try to justify the reduction in surface charge in terms of electrostatic forces. Specific adsorption is not contemplated. But the notion of ion condensation presented by Belloni and Osteryoung differs clearly from the idea developed by Levin et al. In the two first cases, ion condensation is just an illustration of the strong accumulation of counterions near the colloid (but not only on the surface). Therefore, condensed ions may be located relatively far from the colloid and a cutoff surface separating condensed from uncondensed counterions is introduced. The particle and the ions partially immobilized in the neighborhood of its surface could be considered roughly as a whole. Such a simple idea could be useful if one is interested in the electrostatic potential far away from the particle (13) . But it is not easy to apply together with electrokinetic theories, in which more elaborated concepts (like ζ -potential or shear plane) appear. Particularly, the role of the cutoff surface does not seem clear from the viewpoint of electrokinetics. Consequently, the use of these models has been avoided.
According to the Levin theory, counterions condensed onto particles forming clusters composed of one particle and n counterions. The number densities of particles, n-clusters and free counterions are ρ p , ρ n , and ρ f respectively. Particles are idealized as hard spheres of radius a carrying Z ionized groups of charge −qe (e is the elementary charge) uniformly spaced along the surface whereas counterions are modeled as points of charge qe (in this work q = 1). The solvent will be represented as a uniform medium of relative dielectric constant ε r . The distribution of n-clusters is calculated by means of minimization of the Helmhotlz free energy, which can be expressed as a sum of electrostatic and entropic contributions. The first one is the electrostatic free energy needed to form a specified set of clusters and is due to the particle-counterion interaction. It is calculated in the framework of the usual Debye-Hückel (DH) theory. The fundamental assumption is that the nonlinearity omitted in the process of linearization can be reintroduced through the allowance for ion association. Levin and co-workers also state that the validity of their theory extends far into the nonlinear regime when the formation of cluster is properly taken account. If one defines a free-energy density as f = −F/V (where V is the volume), this contribution turns out to be
where β = 1/k B T , λ B = e 2 /4πε r ε 0 k B T is the Bjerrum length and κ = √ 4πλ B ρ f is the Debye screening parameter. The second contribution is the particle-particle (or cluster-cluster) freeenergy density f PP , which is calculated in the spirit of the Vander-Waals theory, giving rise to the following expression:
The counterion-counterion contribution f CC is calculated considering the free counterions as a one-component plasma. As pointed out by Levin et al. it is found to be very small (for further details about the functional form of f CC , see Ref. 12) . Finally, the expression for the entropic contribution is
φ n is the volume fraction corresponding to the n-clusters whereas φ f = 4πρ f d 3 , where d is the distance over which counterions will keep from approaching each other (due to the electrostatic repulsion). In the limit of small densities, d ≈ λ B . ξ i (i = 0, . . . , Z and f ) is the internal partition function of species i. Since bare particles and free counterions have no internal structure ξ 0 = ξ f = 1. For an n-cluster, the internal partition function is
As mentioned earlier, the set of values for ρ n is obtained by minimization of the Helmholtz free energy. As demonstrated by Levin and co-workers, the width of the cluster distribution is quite narrow, so it can be characterized by just one value of n (which must be determined). Then ρ n = ρ p and ρ f = (Z − n)ρ p (electro-neutrality). Anyhow, the computation of n is fairly simple
At this point, the effect of added salt must be considered. We will suppose a concentration c salt (expressed in mM) of an additional 1 : 1 electrolyte. These ions contribute to the screening of the electrostatic forces, what has a clear effect on f DH and f PP . This screening effect can be quantified through the parameter κ, which takes the value κ = 4πλ B (ρ p (Z − n) + 2N A c salt ) (N A is the Avogadro number). Instead of f CC , we should use an electrostatic free-energy term including all the interaction between (small) ions (counterion-counterion, coion-coion, and coion-counterion). Nevertheless, it seems reasonable to assume that this contribution will hardly depend on n (particularly if c salt is high enough). Consequently, its explicit value is not necessary if one only wants to determine n (by a minimization procedure). In relation to the entropic contribution, it must be pointed out that the number density of counterions is (in this case) ρ f = ρ p (Z − n) + N A c salt . Furthermore, an additional term should be included in Eq. [3] in order to take the presence of coions into account. Luckily, this term does not depend on n, so it is not required.
MATERIALS AND METHODS
Some features of the five latexes used in this work are presented in Table 1 . Latexes PS1 and PS2 were prepared from styrene by conventional emulsion polymerization (with K 2 S 2 O 8 as initiator and NaHCO 3 as buffer). Latex PMMA was also prepared by this procedure but from methylmetacrylate (and (NH 4 ) 2 S 2 O 8 as initiator). CS1 and CS2 are core-shell latexes. The core was synthesized from styrene whereas the shell was prepared from styrene and a small amount of metacrylic acid. Surfactants had to be used (sodium dodecyl-benzene sulfonate for PMMA and MA80 in the rest of the cases) since small latexes (diameter below 100 nm) were desired. Polymerization reactions were carried out in a thermostat reactor fitted with reflux condenser and stainless-steel stirrer. First, distilled-deionized water, monomer, surfactant, and buffer were added to the reactor and purged with nitrogen. Then, the initiator solution was added to the mixture.
Latexes were cleaned by means of serum replacement and ion exchange before being characterized. The ion exchange resin (Amberlite MB-3) was suitably conditioned before use (15) . In order to remove the emulsifier used in the synthesis as much as possible, the first step of cleaning took always more than 10 days. The second step was carried out stirring the latexes for more than 4 h.
The size distribution of the studied latexes was determined by transmission electron microscopy (TEM). The average diameter (σ ) is shown in Table 1 . These sizes were confirmed through dynamic light scattering (DLS) for latexes PS1, PS2, CS1, and CS2. For latex PMMA, however, the size by TEM was found to be considerably smaller than the one determined by DLS (103 ± 2 nm). This could be attributed to the shrinkage that PMMA particles suffer as a consequence of the electron beam (16) . Thus the mean size obtained by DLS will be used for PMMA hereafter. A polydispersity index (PDI) defined as
) was calculated from the size distribution. In all cases, this index was found to be smaller than 1.05, which assures that these systems are quite monodisperse.
The number of ionizable groups on the surface of each system was determined by both conductimetric and potentiometric (forward and back) titrations. These experiments were performed at 25
• C in a stirred vessel flushed with nitrogen (using NaOH and HCl as titration agents). From titration data, a study of surface charge as function of pH was carried out. For latex PS1, PS2, and PMMA this quantity increases only slightly with increasing pH, which suggests a majority of strong acid groups (like sulfate provided by the initiator). A small amount of weak acid groups is also expected (presumably carboxylate). In contrast, latexes CS1 and CS2 present a charge that depends strongly on pH, as a result of the large number of weak acid groups (carboxylate) arising from the metacrylic acid used in their synthesis. This is clearly illustrated by Fig. 1 . There also exist strong acid groups resulting from the initiator. Electrophoretic mobility at 25
• C was measured using a Zetasizer 4 (Malvern). Average mobilities (and the corresponding error bars) were determined from 9 measurements (3 samples · 3 measurements/sample). Buffers (whose ionic strength was 2 mM approximately) were used to perform the study of mobility as a function of pH. However, these solutions were not used to determine the above-mentioned electrokinetic properties in samples at low electrolyte concentrations (in order to avoid misleading measurements). The particle density at which these measurements were performed ranges from 5.6 × 10 10 to 2.8 × 10 11 particle/ml for these latexes. These particle densities were found to be the minimum particle numbers needed for optimal performance of the instrument. The surface charge at pH ∼5.5 was estimated and shown in Table 1 (in e − /particle, Z ) to give the reader an idea of the charge exhibited by these systems under such conditions. The uncertainty in Z probably does not exceed 5% (estimated from two titrations). As pK carboxylate must be about 5, this quantity is expected to be nearly identical to the sulfate group number.
RESULTS AND DISCUSSION
First, it would be interesting to review the form of the typical condensation curves according to the Levin theory, but including the effect of added salt. This is illustrated in Fig. 2 , where the effective charge Z eff = Z − n is plotted as a function of Z for several values of c salt (a = 40.7 nm and the particle density is 10 18 particle/ml). As can be seen, at low charges Z eff ≈ Z , which means that ion condensation does not take place. Exceeding a critical (threshold) value, the effective charge does not go up as fast as the bare charge. In other words, ion condensation comes out. Eventually, Z eff seems to reach a plateau with increasing Z considerably. In short, these curves show the widely reported behavior for ion condensation (10-13). However, it should be stressed that (i) the saturation charge decreases if c salt is increased (which differs from the nonmonotonic behavior reported by Belloni); (ii) the higher the electrolyte concentration, the lower the threshold charge. This is not surprising, because the Helmholtz free energy needed to form an n-cluster (a particle with n counterions condensed on it) diminishes with increasing κa, according to Eq. [1] .
The effect of the particle concentration (ρ p ) is investigated (from a theoretical viewpoint) as well. In Fig. 3 , the effective charge is plotted in a wide ρ p range for three different amounts of additional electrolyte. Z = 2100 e − /particle and a = 40.7 nm have been chosen as representative values of the experimental systems that will be used later. From this figure, it is obvious that the effect on Z eff caused by the added electrolyte depends strongly on the particle concentration. More specifically, if ρ p is high enough, the differences found in Z eff for several electrolyte concentrations are negligible. In contrast, a considerable reduction in the effective charge is found with increasing c salt from 0 to 0.01 (or 1) mM at low particle number densities. As our colloidal particles are rather small, concentrations of about 10 17 particle/m 3 were needed (see experimental details). But ρ p is usually much lower (about 10 14 particle/m 3 (14) ) in electrophoretic mobility experiments. To consider the effect of additional ions is therefore recommended. Figure 3 also shows that the effective charge decreases with ρ p for c salt = 0. However, a small amount of added salt (c salt = 0.01 mM) changes this behavior markedly. The effective charge depends on the particle concentration only for ρ p > 10 18 particle/m 3 . What is more, for c salt = 1 mM, Z eff is almost constant. In order to explain these facts, it must be noted that the number density of counterions is
[5]
In absence of added electrolyte, this quantity is proportional to the particle number density and depends strongly on n. The changes in Z eff = Z − n brought about by ρ p are therefore reasonable. On the contrary, if a certain amount of salt is added and the particle density is not considerably high, the second term (in Eq. [5] ) will be much larger than the first one. Under such conditions, changes in ρ p are not expected to have any effect on ρ f and Z eff . For charged linear polyelectrolytes, electrokinetic data were used to prove the Manning theory as follows (17) . The electrophoretic mobility of a copolymer was measured as a function of its charge density. If this charge density did not exceed a certain value, mobility increased. Above this critical value, the external electric field interacted with the polymer as if it had an invariant charge (mobility did not change any more). This was interpreted as a condensation phenomenon. In this work, two latexes (CS1 and CS2) modify their surface charge markedly with pH (as noted earlier). In the same spirit of the reported experiments, the electrophoretic mobility (µ e ) of CS1 and CS2
FIG. 4.
Electrokinetic charge (σ el ) for latexes CS1 (᭹) and CS2 () as a function of pH. The predictions of the ion condensation model for this quantity are also plotted (for CS1 (᭺) and CS2 (ᮀ)). In the inner plot, the theoretical (ᮀ) and experimental () fractions of condensed ions have been drawn as a function of the bare charge (in e − /particle) for CS2.
was measured as a function of the bulk parameter controlling their surface charge (namely pH). The results of this study are also shown in Fig. 1 . As can be seen, µ e is nearly constant except at low pHs. Nevertheless, the data at pH 5 and especially at pH 4 must be analyzed carefully. Size measurements (by dynamic light scattering) revealed that colloidal suspensions were rather unstable under such conditions, which could have lead to misleading mobilities. At any rate, the constancy of µ e for pH >5.5 contrasts strongly with the noticeable variation of surface charge in the same regime. For instance, at pH ∼5.5, latex CS2 exhibits a charge density of −1 µC/cm 2 (in round numbers, 1300 e − /particle) but at pH ∼10, it reaches −17 µC/cm 2 (22100 e − /particle), whereas mobility is practically the same. Can ion condensation account for this behavior? In order to provide an answer to this question, an experimental effective charge is required. This was obtained along these lines. First, mobility measurements were converted into ζ -potential with the aid of the O'Brien-White theory (which has no restrictions on κa). Then, the surface charge density enclosed by the shear plane (σ el ) was calculated (further details are given in Ref. 18 ). This quantity is plotted as a function of pH in Fig. 4 . As can be seen, the constancy of mobility (for pH >5.5) translates into the constancy of σ el . It should be noted that, if this charge is interpreted as an effective value, the fraction of condensed counterions varies from 0.35 to 0.95. The charge fraction range covered in this study is therefore considerably wider than in the work referred earlier.
Whatever the case, the question at the beginning of the paragraph turns into this one: Does ion condensation predict these effective charges? The answer is also given in Fig. 4 , where the Z eff values predicted by the Levin theory (taking the effect of added electrolyte into account and using the experimental particle concentration as value for ρ p ) are plotted as well. As can be seen, the charges given by this model hardly depend on pH, but they are significantly smaller than the experimental ones. The qualitative behavior (insensitivity of mobility to variations of surface charge) is accounted for but quantitative agreement is not good. In addition, the theoretical effective charges for latexes CS1 and CS2 are quite similar whereas moderate differences are found in the experimental values.
In comparing these results with those reported in Ref. 14, one should keep in mind that experimental conditions are quite different. In this work, latex sizes and charges are considerably smaller and ionic strength is lower. As a result, the electrokinetic radius is also smaller whereas the particle concentrations needed to carry out mobility measurements are higher. With increasing particle density, the effective charge decreases. Likewise, it must be noted that the Levin theory is assumed applicable even in the nonlinear regime (large surface potentials). Presumably, the validity of this assumption depends on several conditions and parameters. Take, as an illustration, the electrokinetic radius. The magnitude of the surface potential tends to decrease with increasing κa (given a fixed particle charge). Consequently, high κa values would extend the validity of this condensation model further than low values. The form in which results are presented must be considered as well. We have plotted absolute charges instead of relative values, like the fraction of condensed ions (n/Z ) used in (14) . For highly charged systems, this quantity could reduce dramatically the difference between experimental and theoretical values, since the corresponding fractions of condensed ions would probably tend to unity. This is clearly illustrated in the inner plot of Fig. 4 , where the theoretical and experimental fractions of condensed ions have been drawn as a function of the bare charge (in e − /particle) for latex CS2. As can be seen, both values converge with increasing charge (giving the impression of apparent numerical agreement), and it should be stressed that the colloidal systems studied in this work are slightly charged as compared to those used in (14) .
Finally, the effect of added salt on condensation will be looked into. In order to do this, the electrophoretic mobility of five latexes was measured in a wide range of electrolyte (KBr) concentration. The results are shown in Fig. 5 . As can be seen, a qualitative relation between mobility and surface charge density seems to exist: the higher the former, the higher the latter. It should be also stressed that the widely reported maximun (in absolute value) in mobility (19) does not appear, which agrees with the results found by El Gholabzouri et al. According to these authors, the mentioned maximun does not appear if the magnitude of surface charge is smaller than 3.40 µC · cm −2 (20) . From these measurements, the surface charge enclosed by the shear plane was again calculated. This quantity is shown as a function of the electrolyte concentration in Fig. 6 . The most remarkable fact is that, at low ionic strength, σ el is found to be considerably smaller than the bare charge density. From the view of the ion condensation theory, this behavior (which has been reported by other workers as well (21, 22) ) would mean that the fraction of condensed ions does depend on the salt concentration, in contrast to the insensitivity reported by Fernández-Nieves et al. At this point, we are interested in finding out if the Levin theory accounts for changes in the fraction of condensed ions. The effective surface densities according to this model were calculated and shown in Fig. 6 (in doing that, the experimental values of particle concentration were used). Neither numerical nor qualitative agreement can be found. As pointed out above, the effective charge predicted by the condensation model decreases with increasing salt concentration (see Figs. 2 and 5 ). Experiments show us just the opposite trend.
CONCLUSIONS
In this paper, a recent ion condensation theory has been tested by means of electrophoretic mobility measurements of a set of latexes. These systems differ clearly from those used by other authors. Although the insensitivity of mobility to surface charge is somehow explained, numerical agreement has not been found. Particularly, theoretical values underestimate the experimental ones. The effect of electrolyte concentration was also investigated (previously, some theoretical aspects were discussed). The effective surface charge density predicted by the model exhibits a behavior that differs clearly from that found experimentally. The validity of the Levin theory is not confirmed, therefore, by our results.
